Abstract. There are five revolutions taking place in radio astronomy technology which, over the next decade, will dramatically change our ability to observe the sky. These revolutions involve: broad-band data transport by optical fibres; spatial multiplexing with focal plane horn arrays to obtain more pixels from reflecting telescopes; spatial multiplexing with phased aperture plane arrays to produce multiple beams across the sky; "software radio" in which high speed digital processes replace conventional receiver components; much larger collecting areas. There is a wide range of new telescopes and receiver systems being developed to exploit these revolutions; the SKA is a particularly strong catalyst for change and could well make use of all the revolutions.
Introduction
Work in the radio band has already contributed massively to astronomical discovery in the second half of the 20th century and is on-track to continue, especially in the arenas of cosmology and fundamental physics. The reason is that radio telescopes enable us to explore:
• the first photons set free in the universe: the CMBR • the basic element, hydrogen: via the 21cm line • magnetic fields: via polarisation imaging • the most accurate clocks in the universe: the millisecond pulsars And they reveal matter in different phases via:
• synchrotron radiation • maser emission • bremsstrahlung from thermal gas • coherent emission associated with solar flares and flare stars, pulsars, Jupiter bursts, cosmic ray air showers. In so doing radio observations penetrate dust and gas which absorbs and scatters radiation in most other wavebands. And last but not least VLBI provides the highest resolution images at any wavelength.
But, looking towards the future, the sceptic might argue that the pace of discovery will definitely slow, since we are reaching fundamental technology limits in the design of receiving systems. For example: (i) the intrinsic noise from HEMT amplifiers is within a factor 5-7 of the quantum limit at frequencies up to 50 GHz; (ii) fractional receiver bandwidths are already large (up to 40 percent); (iii) non-amplifier noise (sky and signals in the sidelobes, including man-made interference) is inevitable and provides a fundamental noise floor to any system. The optimist will reply that, while all this may true, there is still some way to go since: (i) there may be scope for a factor two improvement in amplifier noise performance with new semiconductor materials; (ii) there is scope for a further increase in instantaneous bandwidth with improved electromagnetic system design; (iii) the sky and ground contributions can be minimised by a choice of site (remoteness; high altitude or polar locations; balloons; space) and system design (e.g. ground screens).
Nevertheless even the optimist will concede that there is only a factor of two to three improvement in single pixel continuum sensitivity available, by which time the limits really will have been reached. But one should not despair of major advances since there are many other routes to greater sensitivity in addition to the obvious one of building more collecting area. There are in fact a range of technical revolutions underway in radio astronomy which will dramatically increase the power of our telescopes.
Technical Revolutions in Radio Astronomy

Data transport for interferometry
Optical fibre links (both private and public) will soon enable us to send a large fraction of the signal from a given telescope pixel to a central processor. One or two orders of magnitude greater bandwidth can be achieved compared with that achievable with waveguides or microwave links. Large interferometer systems which are taking advantage of this technology include: eMERLIN, e-EVN, LOFAR, EVLA, ALMA.
Spatial multiplexing with focal plane arrays
Large format (10s-1000s beams) focal plane arrays are being designed and constructed for a variety of purposes on a range of telescope types in order to make more use of the radiation incident on the reflecting surface. Very broadly these FPAs can be split into horn arrays, operating at frequencies above ∼5 GHz, and beam-forming (phased) arrays at lower frequencies. The active amplifier elements are HEMTs below ∼100 GHz and bolometers above ∼100 GHz. Bolometer arrays (e.g. SCUBA2) currently lead the race to large formats but HEMT arrays will catch up as the use of large scale device integration (MMIC technology) accelerates. Coherent amplifiers also offer different options compared with bolometer-based arrays in that, with the aid of high-speed digital back-ends, it will be possible to carry out both continuum and spectroscopic observations with the same instrument.
Spatial multiplexing via phased aperture plane arrays
Large area aperture plane phased arrays offer many advantages in terms of sky coverage and flexibility of use. Their potential includes: i) a direct science advantage from the large total field-ofview-for surveys of all types requiring large amounts of telescope time; ii) a community advantage from the many beams that can be formed independently-if many groups can access the whole aperture simultaneously there is a multiplexing effect of human brain power and hence greater likelihood of discovering something new. The 18,000 m 2 Cambridge array operating at ∼80 MHz and which discovered pulsars, is an early illustration of the potential of such arrays. But because of cost limitations-the number of components rises at least as fast as the square of the wavelength-aperture arrays will be restricted to frequencies < 2 GHz for the foreseeable future. Nevertheless new telescopes based on this philosophy are now being developed including LOFAR, the Mileura Wide-Field Array, the Long Wavelength Array and potentially the SKA. LOFAR (described in the meeting by Röttgering page 169) is the first large aperture array designed from the outset to take advantage of the flexibility of digital processing (see below) to produce independently steerable beams.
Software radio
As digital systems improve in capability it is clear that (analogue) hardware system components will increasingly be replaced by DSP systems and software, following broad-band digitization early in the signal path. Currently bandwidths of order 1 GHz can be digitized with multiple bits and ADCs capable of digitizing order-of-magnitude greater bandwidths can be foreseen. Along with the production of these high-speed digital data streams the ability to process these data shows no sign of letting up. Moore's Law for cpu power is confidently expected by industry to be maintained for another ten years while data storage capabilities are moving ahead even faster. As ADC speeds, computing power and storage capability grows so will science capability-we can digitize data earlier in the receiver chain, process data from more fields-of-view and provide great flexibility in data handling. An exciting new possibility is the ability to "rewind the sky" by means of short-term data buffers which will allow us, for example, to time the exact moment when a transient event occurred. LOFAR is again pioneering in this regard and its data buffers will allow some seconds of raw data to be stored and "rewound".
Increased collecting area
Little need be said on the desirability of increased collecting area for any astronomical data collection system. In the current era ALMA and LOFAR, albeit at completely different ends of the radio spectrum and hence with largely different technologies (apart from fibre links) are pushing array collecting areas into previously uncharted regimes. FAST (see later) will be the largest single reflector when it comes on stream in 2013. The SKA is, of course, the most ambitious project of all in terms of area and unit cost.
The Square Kilometre Array
The SKA's aggressive specifications in terms of sensitivity, field-of-view, flexibility and cost are helping to catalyze these revolutions. As Schilizzi (SKA overview, this conference page 127) stresses, the design effort has been internationally co-ordinated from outset. I can point out, however, that there is a very strong European and indeed UK component in the current R&D programme. Incidentally in terms of some of the other experiments which have been discussed at this meeting SKA does not seem so big. For example IceCube ( the neutrino detector in Antarctica) has a volume of 1 km 3 while the Cosmic Ray Cerenkov detectors, such as Auger in Argentina, can have effective detection areas up to 10 km 2 . But, one might ask, what is so special about 1 square km in the radio band? The fundamental argument for this threshold in collecting area turns on our ability to study atomic hydrogen. The local universe looks very different in the 21 cm line than it does in starlight. But, since the spin-flips producing the 21 cm photons take place only about once per million years, the HI volume emissivity and hence its surface brightness is low. As I whimsically noted 15 years ago: "A volume of the Encyclopaedia of the Universe is written in 21 cm letters, unfortunately the writing is rather faint" (Wilkinson 1991) . The SKA's leap in sensitivity will enable completely new observations of HI to be carried out locally with great precision, and cosmologically with great statistical power. For example the SKA's sensitivity will allow normal galaxies to be detected out to cosmological redshifts.
Schilizzi has outlined the key science drivers for the SKA and I will not repeat them here. I will however stress the least-defined driver i.e. "Exploration of the Unknown". As Wilkinson et al. (2004) pointed out large general purpose radio telescopes are never remembered for what their designers envisaged! We also noted that discoveries have invariably come from allowing good people to get large amounts of telescope time. We ended up by noting:
"The impact of the SKA will depend not so much on the cleverness of the astronomers in defining the impor-tant astrophysical problems of today, but in the cleverness and ambition of its designers to obtain better sensitivity, higher dynamic range, larger field-of-view, and perhaps some other parameters not yet contemplated. The SKA planners and designers must therefore have a vision for a system that is not only much more powerful than previous radio telescopes but at the same time is highly-flexible, easy-to-use and has an operating philosophy which positively encourages and allows the astronomers of tomorrow to look at the sky, and to examine their data in new and creative ways. It must also allow the radio engineers of tomorrow the space to conceive and design the innovative upgrades which increased signal processing and computing power will allow. Just as important will be to attract and nourish talented and careful observers who can become so familiar with particular types of data as to be able to spot the important new clues which will lead to fresh discoveries. The SKA will need to solve their problems, not our problems, which they will have already solved or shown to be naive or irrelevant."
In other words to maximize the SKA's discovery potential consideration of the human factor must go handin-hand with technical advances. In particular the design and operating philosophy must maximise the number of people who can push the telescope to its limits. It is to be hoped that when LOFAR comes into operation it will begin to demonstrate the power of these arguments.
Other new instruments
The SKA is very far from being the only story in the next chapter of radio astronomy's development. Combinations of the five revolutions will enable many other innovative telescopes, as well as innovative receiver systems on existing telescopes, to be constructed. The following is a very brief summary covering some of the developments which are either happening or can be easily foreseen. 1) A renaissance of interest in low frequency observations over wide areas of sky, driven by the scientific potential of:
• more extensive pulsar surveys • HI from z=0 to z> 10 • the transient sky • astroparticle applications (detections of cosmic rays and possibly neutrinos from the lunar regolith.)
2) A recognition that it will soon be possible to survey large areas of sky at high frequencies (> 10 GHz) in both continuum and line emission, with large format digital focal plane arrays.
3) A continued growth of the CMBR industry, in parallel with Planck, in particular:
• to detect B-modes-"inflation's smoking gun"
• to make blind cluster surveys for cosmology via the SZ effect Space prevents me from outlining the specifications of the following telescopes but the interested reader need only use their favourite search engine to do the job for themselves. Some are already so well-known by their acronyms that translation is unnecessary. I apologise in advance to the guardians of those projects which I have inevitably overlooked. The FAST project has only recently been approved for funding and perhaps deserves a short description. The plan is to construct an Arecibo-like telescope in the Karst depression in southwest Guizhou Province but with a significantly larger diameter than Arecibo. To make the focal arrangements much simpler than at Arecibo the design calls for a 300m parabolic surface able to be moved within a larger 500m diameter spherical surface. The local displacements from a sphere to a parabola are quite small (less than 65 cm) and will be effected by computercontrolled tensioning of several thousand cables attached to the ground. The doubling of the collecting area and the simpler optics, allowing larger FPAs to be mounted, will give FAST a survey speed, at wavelengths around 21 cm, an order of magnitude greater than Arecibo equipped with its latest ALFA receiver system. For some time in the next decade FAST will be the biggest radio telescope in the world, at a site with low RFI and hence with full access to redshifted HI. A range of exciting HI and pulsar surveys beckon. Several groups around the world are also looking forward to a large (25-30m class) sub-mm telescope aimed at survey science to complement ALMA.
Interferometers mainly operating below 30 GHz
Focal plane arrays for continuum and spectroscopic use
As well as the examples already cited, new science will also arise from a combination of revolutions 2 and 4. Thus at frequencies up to ∼100 GHz horn-based FPAs with many hundreds of pixels are becoming feasible; these arrays will be capable of performing both continuum and spectroscopic surveys. For this breadth of capability the flexibility of the digital back-ends (software radio) is as important as the MMIC-based integrated receivers. With so many pixels it becomes possible to carry out large area surveys in reasonable observing times. Such surveys can link previously unrelated fields. For example measuring and understanding the galactic continuum and line emission will not only generate a wealth of astrophysics but the same galactic surveys are crucial for subtracting out the "foregrounds" which will limit the next generation of super-precision CMBR observations. I will return to this point below.
SZE Strategies
The number and distribution with redshift of galaxy clusters is a powerful cosmological diagnostic. Many groups are therefore designing and constructing specialised interferometers or equipping dish reflectors with focal plane array receivers, to carry out blind surveys. The projects of which I am aware are: The main advantages and disadvantages can be laid out as follows:
Interferometers Advantages:
• Small dishes provide wide fields-of-view hence many resolution elements in parallel • Easier to control systematics Disadvantages:
• Limited number of small dishes hence sparse array filling and thus slow per resolution element
• Big correlator required for wide bandwidths • Requires strategy for removing source confusion.
Horn FPAs on filled apertures Advantages:
• Fast per resolution element • Easier/cheaper to obtain wide bandwidth with direct detection
Disadvantages
• Need large focal plane arrays to increase number of resolution elements for useful survey speed
• Harder to control receiver and atmospheric fluctuations • Requires strategy for removing source confusion In summary current interferometers are "slow but sure" and whereas the horn arrays on dishes are potentially faster it is harder to achieve the thermal noise level after long integrations. It will be interesting to see whether "the tortoise or the hare" wins the race. Of course we all know what Aesop predicted!
CMB Experiments and Foregrounds
At this meeting Readhead has given an extensive overview of many of the current experiments and of course we are all looking forward to the results from Planck. But however good the design of the next generation of CMBR experiments, the galactic emission will provide a limit to interpretation unless, that is, we make a major effort to measure the foregrounds to exquisite precision, at wavelengths different from those in the CMBR experiments themselves. This is particularly true for polarization data; already it is clear that the interpretation of the epoch of reionisation of the latest WMAP polarization results is foreground limited. This is not surprising since the sky is full of polarized emission: dominated by dust at > 60 GHz; synchrotron radiation at < 60 GHz and with a significant contribution from anomalous dust-correlated emission in the range 10-40 GHz. All these components have significant spectral variations and as a result it is easy to end up with more parameters in templates than there are measurements. Detection of the B-modes are widely accepted as a signature of primordial gravitational waves. The only prob-lem is that the B-mode signal is under 3 percent of the small-scale E-modes which have now been detected. The E/B separation also needs contiguous large solid angle (hundreds of square degrees) as well as very sensitive and precise measurements. We can be certain that the polarized Galactic foregrounds will come into play much more strongly than for WMAP.
Both WMAP, Planck and the ground-based B-mode experiments therefore need support from experiments aimed specifically at precise foreground polarisation observations. A next step is the C-BASS (C-Band All-sky survey) project which is a collaboration between Manchester, Oxford, Caltech and the Hartebeesthoek Observatory. C-BASS will survey the 5 GHz sky in both total intensity and polarisation at a resolution of 0.75 degrees. Its aim is to tie down the synchrotron contribution to the polarised foreground. The Northern sky data will be taken at Owens Valley with the Caltech/JPL 5.5m diameter dish surrounded by a large ground-screen. The Southern sky data will be taken in South Africa with a 7.5m diameter telescope plus suitable ground screen.
Summary
Astronomy in the radio band is vibrant and many new observing instruments are being constructed as a result of the revolutions in broad-band data transport; spatial multiplexing with focal plane arrays and phased aperture plane arrays; "software radio" and last, but far from least, large collecting areas, as epitomised by the SKA. We can be very confident that work in the radio band will continue to produce major contributions to fundamental physics and cosmology for the forseeable future.
